ALINEA, which was introduced almost 30 years ago, remains certainly the most well-known feedback loop for ramp metering control. A theoretical proof of its efficiency at least when the traffic conditions are rather mild is given here, perhaps for the first time. It relies on tools stemming from the new model-free control and the corresponding 'intelligent'proportional controllers. Several computer experiments confirm our theoretical investigations.
Introduction
The goal of ramp metering is to improve the highway traffic conditions by an appropriate regulation of the inflow from the on-ramps to the highway mainstream (see, e.g., Agarwal, Kachroo, Contreras, & Sastry, 2015; Kachroo & Ozbay, 2003; Mammar, 2007; Papageorgiou, Diakaki, Dinopoulou, Kostialos, & Wang, 2003 , and the references therein). Among the many feedback control laws which may be found in the huge literature devoted to traffic control, ALINEA (see, e.g., Papageorgiou, Hadj-Salem, & Blosseville, 1991) r is one on the very few closed-loop control syntheses which has been implemented in practice, r remains certainly the most popular one in spite of some criticisms (see, e.g., Papageorgiou, Kosmatopoulos, Papamichail, & Wang, 2007 , and the references therein).
An explanation of ALINEA's brillant success seems to be missing until today, although it might lead to improve the existing ramp metering technologies. This aim is fulfilled here by connecting ALINEA to classic PI controllers (see, e.g., Åström & Murray, 2008) , which play such a key rôle in industry. It is achieved thanks to the recent modelfree control setting , which is CONTACT Michel Fliess
Michel.Fliess@polytechnique.edu r able to cope with a large variety of concrete casestudies (see, e.g., Abouaïssa, Fliess, Iordanova, & Join, 2012 for an application to ramp metering), r becoming more and more popular (see, e.g., Åström & Kumar, 2014; Gao, 2014; de Larminat, 2009 ).
Among the intelligent controllers which are associated to model-free control, intelligent proportional controllers, or iPs, are the simplest and most useful ones. Our approach tells us that ALINEA is close to a PI, or an iP, if r the reference trajectories do not exhibit a 'violent' behaviour and r the disturbances and corrupting noises are rather low.
Several computer experiments fully confirm the above theoretical investigations.
Our paper is organised as follows. A short presentation of ALINEA is provided in Section 2. Section 3 reviews model-free control and proves that ALINEA and intelligent proportional controllers are more or less equivalent when the traffic conditions are as explained a few lines before. Computer experiments are discussed in Section 4, where ALINEA and intelligent proportional controllers are compared. Some concluding remarks may be found in Section 5. 
ALINEA: a short presentation
Ramp metering may be visualised via Figure 1 where r q r , in veh/s, is the ramp flow related to the control variable r, r w represents the queue length in vehicles, r d, in veh/s, is the ramp demand, r q e , in veh/s, is the upstream segment flow, r q s , in veh/s, is the downstream segment flow, r ρ s , in veh/m, is the segment density, r v s , in m/s, is the segment speed.
The feedback loop defining ALINEA 1 reads in discrete-time
where r r(k), which is the rate of ramp inflow (see Figure 1) , stands for the control variable at time k, r the gain K I is the only adjustment parameter, r the segment density ρ s (see Figure 1) & Papageorgiou, 1988; Haj-Salem, Blosseville, & Papageorgiou, 1990; Papageorgiou et al., 1991) . Numerous variants have been published (see, e.g, Papamichail & Papageorgiou, 2008; Smaragdis & Papageorgiou, 2003; Smaragdis, Papageorgiou, & Kosmatopoulos, 2004 , and the references therein).
The classic backward difference scheme
where r x is a differentiable time function, r h > 0 is small enough, tells us, according to Equation (1), that ALINEA should be viewed as the discrete-time analogue of a pure integrator
where r ε = ρ − ρ s is the tracking error, r k I is a gain.
Call it an integral controller, or a I controller. It corresponds to the I term in a classic PID controller (see, e.g., Åström & Hägglund, 2006; Åström & Murray, 2008; Lunze, 2010; O'Dwyer, 2009) . Ramp metering control might be one of the very few occurrences, if not the only one, where satisfactory performances were obtained for such controllers, which are almost never utilised in practice.
I, iP and PI controllers

A short review of model-free control
.. Generalities
Full details on model-free control are given by Fliess and Join (2013) . Its usefulness in many situations, including severe nonlinearities and time-varying properties, has been demonstrated. The corresponding intelligent controllers are much easier to implement and to tune that the well-known PIDs which are today the main tool in industrial control engineering (see, e.g., Åström & Hägglund, 2006; Åström & Murray, 2008; Lunze, 2010; O'Dwyer, 2009 ). Model-free control has been successfully applied to a large variety of concrete case-studies: r see the references in Fliess and Join (2013) , r since then see, e.g., De Miras, Join, Fliess, Riachy, and Bonnet (2013) , Madoński and Herman (2013) , Xu, Bideaux, and Thomasset (2013) , Agee, Bingul, and Kizir (2014) , Thabet, Ayadi, and Rotella (2014), Agee, Kizir, and Bingul (2015) , Jama, Noura, Wahyudie, and Assi (2015), Lafont, Balmat, Pessel, and Fliess (2015) , MohammadRidha, Moog, Delaleau, , Menhour, d' Andréa-Novel, Fliess, Gruyer, and Mounier (2015) , Roman, Radac, Precup, and Petriu (2015) , Schwalb Moraes and Pereira da Silva (2015), Ťapák and Huba (2015) , d' Andréa-Novel, Menhour, Fliess, and Mounier (2016) , Bara, Fliess, Join, Day, and Djouadi (2016) , Tebbani, Titica, Join, Fliess, and Dumur (2016) , ....
Remark 3.1:
It is well known that traffic flow modelling has been heavily influenced by the partial differential equations of fluid mechanics (see, e.g., Kerner, 2004; Lighthill & Whitham, 1955; Treiber & Kesting, 2013) . Let us, therefore, emphasise the success of the model-free setting for the control of hydroelectric power plants (Join, Robert, & Fliess, 2010a , 2010b , where nonlinear partial differential equations from fluid mechanics are also often employed.
This control strategy will nevertheless be summarised below for the sake of completeness.
.. The ultra-local model
The unknown global description of the plant, which is assumed for simplicity's sake to be SISO (singleinput single output), is replaced by the ultra-local model:ẏ
where:
r the control and output variables are, respectively, u and y, r the derivation order of y is 1 like in most concrete situations, r the constant α ∈ R is chosen by the practitioner such that αu andẏ are of the same magnitude. Therefor, α does not need to be precisely estimated.
The following comments might be useful:
r Equation (3) is only valid during a short time lapse.
It must be continuously updated, r F is estimated via the knowledge of the control and output variables u and y, r F subsumes not only the unknown structure of the system, which most of the time will be nonlinear, but also any external disturbance.
.. Intelligent controllers
Close the loop with the following intelligent proportionalintegral controller, or iPI,
r e = y − y is the tracking error, r K P , K I are the usual tuning gains.
When K I = 0, we obtain the intelligent proportional controller, or iP, which is here employed:
Combining Equations (3) and (5) yields:
where F does not appear anymore. The tuning of K P is, therefore, straightforward.
.. Estimation of F
Assume that F in Equation (3) is 'well' approximated by a piecewise constant function F est . The estimation techniques below are borrowed from SiraRamírez (2003, 2008) . 2 Let us summarise two types of computations:
(1) Rewrite Equation (3) 
where is a constant. We get rid of the initial condition y(0) by multiplying both sides on the left by
Noise attenuation is achieved by multiplying both sides on the left by s −2 , since integration with respect to time is a lowpass filter. It yields in the time domain the realtime estimate, thanks to the equivalence between d ds and the multiplication by −t,
where τ > 0 might be quite small. This integral may of course be replaced in practice by a classic digital filter. (2) Close the loop with the iP (5). It yields:
Remark 3.2:
From a hardware standpoint, a real-time implementation of our intelligent controllers is also cheap and easy (Join, Chaxel, & Fliess, 2013) .
PI and iP
Consider the classic continuous-time PI controller
A crude sampling of the integral Þe(τ )dτ through a Riemann sum I (t ) leads to
e(τ )dτ I(t ) = I(t − h) + he(t )
where h is the sampling interval. The corresponding discrete form of Equation (8) reads:
u(t ) = k p e(t ) + k i I(t ) = k p e(t ) + k i I(t − h) + k i he(t )
Combining the above equation with
e(t ) − e(t − h)) + k i he(t ) (9)
Remark 3.3: A trivial sampling of the 'velocity form' of Equation (8)u
yields
which is equivalent to Equation (9).
Replace in Equation (5) F byẏ(t ) − αu(t − h) and therefore by y(t ) − y(t − h) h − αu(t − h)
It yields
FACT. Equations (9) and (11) become identical if we set r It is straightforward to extend it to PIDs. r It explains apparently for the first time the ubiquity of PIs and PIDs in the industrial world, thanks to the properties of model-free control and of its associated intelligent controllers.
Remark 3.5:
The previous equivalence, which is based on crude samplings, is however unable to deal with the unavoidable corrupting noises. When taking into account the estimation of F in Equation (3) by the integral formula (7), i.e., by a lowpass filter, noises are attenuated. Formulae (12) may thus be replaced by where f c = 20. In signal processing hf c = 20h is known as the settling time (see, e.g., Bellanger, 2012; Proakis & Manolakis, 2007) .
ALINEA and iP
Equation (10) shows that on one hand ALINEA and I controllers, and on the other hand PI controllers are close when
(1)ė remains small, (2) the reference trajectory y * starts at the initial condition y(0) or, at least, at a point which is very close to it, (3) the measurement noise corruption is low.
The second item mimics the rôle of reference trajectories in flatness-based control (see Fliess, Lévine, Martin, & Rouchon, 1995; andÅström & Murray, 2008; Lévine, 2009; Sira-Ramírez & Agrawal, 2004) . The third item is due to the approximation of the derivative by an elementary Euler difference scheme. In the first itemė remains small if the the reference trajectory is 'slowly' varying, and if the disturbances and the corrupting noises are rather mild. From the equivalence depicted in Section 3.2, the performances of the ALINEA feedback loop (1) and of the iP controller (5) are also close if the above conditions are fulfilled, i.e., r the reference trajectory y * is 'slowly' varying, and starts at the initial condition y(0) or, at least, at a point which is quite close to it, r the disturbances and the corrupting noises are rather mild.
According to the numerous successful applications of our intelligent controllers (see Section 3.1.1), the results provided by ALINEA should be satisfactory.
Computer experiments
A first comparison between ALINEA and iP's via traffic computer simulations
.. METANET and traffic computer simulations: a quick look
An extensive literature has been published in order to achieve 'good' traffic computer simulations for highways. For this most difficult problem, a paper by Lighthill and Whitham (1955) played a prominent rôle and had a lasting influence. Among the various traffic modellings which have been deduced (see, e.g., Hoogendoorn & Bovy, 2001 ), we selected METANET (see, e.g., Messemer & Papageorgiou, 1990; Papageorgiou, Papamichail, Messmer, & Wang, 2010) , which might be the most popular and efficient set of equations (see, e.g., Spiliopoulou, Kontorinaki, Papageorgiou, & Kopelias, 2014) . Let us nevertheless emphasise that quick and significant changes in traffic dynamics are difficult to catch with it.
Remark 4.1: Other methodologies are possible, of course, like, for instance, neural networks (see, e.g., Srinivasan, Choy, & Cheu, 2006) .
.. Implementation and results
Our computer simulations are based on numerical data which are collected from the French highway A4Y with one on-ramp (see Figures 2 and 3(a) ). The behaviours we are simulating are rather tame according to Section 4.1.1. To the best of our knowledge, clear-cut rules for the tuning of K I in Equation (1) have never been published. Several attempts lead us to K I = 0.5, which seems to be an excellent choice. For the iP controller (5) select, according to Section 3.1.2 (see also , r α = 10 such that the three terms in Equation (5) Moreover, 0.375 ࣘ r ࣘ 0.875. In both cases r is saturated. For ALINEA, an anti-windup algorithm is necessary (see, e.g., Åström & Hägglund, 2006; Åström & Murray, 2008; Lunze, 2010; O'Dwyer, 2009 ). An iP does not need it, since there is no integral term. Figures 3 and 4 present the results. The critical density in Figure 3 (c) is a most important and classical quantity in traffic studies (see, e.g., Kerner, 2004 , and the references therein). The performances of the two control laws are very similar.
Remark 4.2:
Let us stress the two following major features:
(1) The total time spent during congestions is drastically reduced by both approaches (see Figure 4) . (2) The queue length is ignored in the previous simulations for simplicity's sake.
A non-linear academic example
Consider the unstable non-linear systeṁ
It is corrupted by an additive normal noise with a standard deviation equal to 0.03. Its behaviour is more 'violent' than those which were possible to simulate in Section 4.1.2 via METANET. Figure 5 is reproducing the excellent performances, already displayed in Fliess and Join (2013) , for the iP (5) with α = 1, K P = 2.2727. The PI is given thanks to Formulae (13) and to h = 0.01s by k p = −5, k i = −11.3635. Its performances, according to Figure 5 , are quite close to those of the iP. Figure 6 shows, however, that the corresponding I controller, where k i = −11.3635, turns out to be highly fluctuating. The superiority of the iP and PI controllers with respect to the I controller becomes indisputable.
Conclusion
We have demonstrated, perhaps for the first time, why the performances of the feedback loop ALINEA for ramp metering control are 'good' , at least when the traffic conditions are 'more or less smooth. ' The behaviours of r ALINEA, r the intelligent proportional controller stemming from model-free control and r the corresponding classic PI controller are then quite close. When the traffic conditions become rougher, theory and preliminary digital simulations indicate that the results of the intelligent controllers become much superior. Let us emphasise nevertheless that those conclusions ought to be confirmed via practical implementations, where the queue length ought to be taken into account. It is well known that tedious calibrations are requested for the practical implementation of any feedback loop for ramp metering.
3 It has been demonstrated by Join, Abouaïssa, and Fliess (2015) that those complex calculations, which are most difficult to achieve in real-time, may be bypassed for ALINEA. The proof mimics a similar and earlier result obtained for iPs by Abouaïssa et al. (2012) . Those facts will play a key rôle for concrete experiments. 
